Aerobic Training Improves In Vivo Cholinergic Responsiveness but Not Sensitivity of Eccrine Sweat Glands  by Wilson, Thad E. et al.
Aerobic Training Improves In Vivo Cholinergic
Responsiveness but Not Sensitivity of Eccrine Sweat Glands
Journal of Investigative Dermatology (2010) 130, 2328–2330; doi:10.1038/jid.2010.125; published online 13 May 2010
TO THE EDITOR
Aerobic training improves thermal tol-
erance (Armstrong and Pandolf, 1988),
which is postulated to result in part
from improved evaporative cooling
(Taylor, 1986; Shibasaki et al., 2006).
Previous observations indicate that
aerobic training either lowers the inter-
nal temperature at which sweating
begins (sweating threshold) or increases
the slopes of the internal temperature-
sweat rate (Roberts et al., 1977) or
exercise intensity–sweat rate relations
(Yanagimoto et al., 2002). In contrast,
deconditioning or detraining, asso-
ciated with bedrest, increases the
sweating threshold and decreases the
slope of internal temperature–sweat rate
relation (Lee et al., 2002). Importantly
these deconditioning-related responses
can be prevented by exercising during
bedrest (Shibasaki et al., 2003). These
studies, although informative, do not
provide mechanistic insight into
whether altered sweating responses to
aerobic training are mediated by a
central sympathetic component or at
the level of the eccrine gland.
Application of cholinergic agonists
directly in the dermal space without
repeated injections or electric current
can isolate peripheral sweating re-
sponses (Crandall et al., 2003; Morgan
et al., 2006; Schlereth et al., 2006).
Cross-sectional studies (comparing
aerobic trained vs. untrained) using
electrical current drug delivery (ionto-
phoresis) have observed increased
sweating capacity and number of acti-
vated sweat glands with aerobic train-
ing (Buono and Sjoholm, 1988; Buono
et al., 1992). However, these studies
provided minimal insight into whether
these adaptatory responses were
mediated by changes in receptor re-
sponsiveness and sensitivity, or were
simply a function of subject population
selected. Accordingly, we tested the
hypothesis that 8 weeks of aerobic
training increases in vivo cholinergic
sensitivity and responsiveness of ec-
crine sweat glands, without altering the
number of exogenous acetylcholine-
activated glands.
Eleven sedentary, young (age¼
26±1), healthy, non-obese (BMIo
30 kgm–2), normotensive (o140/90
mmHg), non-smokers participated in
this institutional approved longitudinal
training study that adhered to Declara-
tion of Helsinki guidelines. Each sub-
ject provided written informed consent
and received a medical history and
physical exam before participating in
the study. Two intradermal microdialy-
sis membranes were placed B3 cm
apart in dorsal forearm skin in a similar
location pre- and post-training, which
unlike previous studies allows for con-
tinuous monitoring of sweat glands at a
prescribed agonist concentration (Mor-
gan et al., 2006). This technique in-
volved placing a small (200-mm outer
diameter, 10-mm length) semiperme-
able membrane (20-kDa cutoff) intra-
dermally at a depth of approximately
0.3–1.0mm below the epidermis (Kel-
logg et al., 1999). Eight doses of
acetylcholine (107 to 1M acetylcho-
line) in a lactated Ringer’s vehicle
were administered for 5minutes at
2 ml/minutes via a microdialysis infu-
sion pump. Sweat rate was measured
via capacitance hygrometry and the
number of activated sweat glands
was quantified using a starch–iodine
technique during infusion of 1M acet-
ylcholine. Cholinergic dose–response
relations were determined by logistic
regression modeling. Endurance train-
ing consisted of running or cycling
4 times/week for 8 weeks. Subjects
wore a heart rate monitor during all
exercise sessions to ensure maintenance
of target heart rates. Training began
with exercising for 20minutes at a
work rate sufficient to achieve 80% of
maximum heart rate. Exercise times
increased to 60minutes as training
progressed, and high-intensity interval
exercises were added twice/week dur-
ing the second week to further stimulate
training adaptations.
Peak oxygen uptake increased from
32.9 to 40.7ml kg1min1 or 19±2%
(Po0.05) and resting heart rate
decreased 9±2 b.p.m. (Po0.05) indi-
cative of a training effect. The number
of cholinergic-activated glands was un-
changed by training (pre-training¼
40±6 and post-training¼ 39±7 glands
per 0.5 cm2). This indicates that a
similar number of glands were recruited
both pre- and post-training and that this
type and duration of training does not
increase the number of exogenous
cholinergic-activated glands. Dose–re-
sponse relations were established with
goodness of fit (R2) relations of
0.67±0.02 for pre-training and
0.72±0.02 for post-training, indicating
that the logistic regression modeling
adequately modeled the data (Figure 1).
Training did not affect the ED50, but
increased the maximal responses of the
dose–response relation (Figure 2).
These findings provide important
insight into the adaptatory mechan-
ism(s) of eccrine sweat glands to long-
itudinal aerobic training in humans.
First, we did not observe a leftward
shift in the ED50 of the cholinergic
dose–response curve, strongly suggest-
ing that exercise training does not alter
eccrine sweat gland in vivo cholinergic
sensitivity as previously suggested
(Roberts et al., 1977; Buono et al.,
1992). However, these reports suggest-
ing an increase in cholinergic sensitiv-
ity used an iontophoresis drug delivery
system to engage muscarinic receptors
with pilocarpine or observed an in-
crease in the slope of internal tempera-
ture–sweat rate relation. Pilocarpine
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iontophoresis, although beneficial for
determining gross changes in sweating
such as occuring with cystic fibrosis
(Quinton, 2007), has certain limitations
(Hjortskov et al., 1995). These limita-
tions include possible direct damage to
the sweat gland that could result in
erythemia and release of inflammatory
mediators, and a poor ability to pre-
cisely adjust drug doses. Previous re-
ports of increased slope of the internal
temperature–sweat rate relation are also
methodologically limited (Cheuvront
et al., 2009) and likely gauge the
sensitivity of the homeostatic gain
rather than the sweat gland per se.
Second, the observed increases in
in vivo cholinergic responsiveness in
the eccrine sweat gland after aerobic
training suggests that adaptations are
due to changes in peripheral glandular
function rather than via a central
sympathetic component. Previously,
isolated sweat glands from trained or
acclimated individuals were reported to
possess larger secretory coils that were
more responsive to direct application of
methylcholine (Sato and Sato, 1983).
This finding of normal but enlarged
ultrastructure is also observed in focal
hyperhidrosis patients (Bovell et al.,
2001). As adaptations to aerobic ex-
ercise training appear to also include
larger, more responsive eccrine glands,
the possibility exists that exercise train-
ing could provide a model for studying
alterations in sweat gland structure and
function associated with hyperhidrosis.
Another dermatological application in-
cludes reduced sweating responses,
such as that which occurs in skin graft
patients, in which sweat gland adapta-
tions may be used to increase their
sweating responses (Wingo et al., 2008;
Davis et al., 2009). Combined with
Crandall et al. (2003) cholinergic do-
se–response data, our findings allow the
formation of a sweating adaptation
model, in which bedrest attenuates
exercise during bedrest rescues, and
exercise training accentuates in vivo
cholinergic responsiveness.
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Figure 1. Representative dose–response relations of acetylcholine to sweat rate from pre- to post-
training in one subject.
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Figure 2. Effect of aerobic training on in vivo cholinergic dose–response relations. ED50 is the effective
dose causing 50% of the maximal response and is an indicator of sensitivity. Maximum is the maximal
response of the cholinergic dose–response relation and is indicative of responsiveness. The asterisk
denotes a significant difference from the previous time point (Po0.05).
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Comment on ‘‘Cutaneous Melanoma in Childhood and
Adolescence Shows Frequent Loss of INK4A and Gain of KIT’’
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TO THE EDITOR
We read with interest the publication
by Daniotti et al. (2009) that addresses
an important clinical problem—that of
melanomas arising in pediatric patients.
These lesions pose significant diffi-
culties as they are often difficult to
distinguish from Spitz nevi and the
underlying genetic alterations and tar-
gets for therapy are generally not
known. After screening for a number
of germ-line (CDKN2A, CDK4, and
MC1R) and somatic (CDKN2A, KIT,
BRAF and NRAS) alterations that are
common in adult melanoma, the
authors conclude that genetic altera-
tions of KIT occur frequently in this
subset of melanocytic neoplasms. If
confirmed, this finding could have far-
reaching consequences, as melanomas
with mutations in KIT have been shown
to respond favorably to KIT inhibitors
such as imatinib (Hodi et al., 2008;
Lutzky et al., 2008). The small number
and heterogeneity of cases analyzed are
a general limitation of the study. While
the abstract suggests a larger cohort,
only eight ‘‘pediatric’’ patients were
analyzed for KIT alterations. Only two
of these cases (aged 2 and 6 years) are
clearly pre-pubescent, fitting the defini-
tion of childhood melanoma (Brenn and
McKee, 2008), five are cases of adoles-
cent melanoma (age 14–17 years), and
one case at age 11 is in a gray zone.
In addition to these general con-
straints, there are several reasons that
make us believe that the data do not
support the conclusion of an involve-
ment of KIT in this subset of melanocy-
tic tumors.
Mutation analysis of KIT: Of seven
‘‘pediatric’’ patients analyzed, three
have synonymous base pair changes
(DNA sequence alterations that do not
affect the amino-acid sequence) and
one shows an intronic (i.e., similarly a
non-coding) base pair substitution.
Although these mutations are presented
as somatic alterations, this is unlikely to
be the case. The somatic nature of a
given mutation can be determined only
by demonstrating its absence in the
patient’s normal tissue. Specifically, the
L862L variation found in one patient is
a known single-nucleotide polymorph-
ism (rs3733542) that occurs frequently
in the human population. In any case,
none of the listed alterations would be
expected to have a functional impact
on KIT and the claim of ‘‘sequence
alterations of KIT’’ is unsubstantiated.
Copy number increase of KIT deter-
mined by FISH: The legend of Figure 1
and the methods do not allow sufficient
detail to know what exactly was done.
The panels b, g, l, q show a two-color
hybridization, but it is not stated which
probe is for KIT and what other probe is
used. What is obvious from the panels,
however, is that the number of signals is
identical for both colors in all but one
nucleus in the four cases illustrated. The
only nucleus that shows more than two
signals of either color is in panel g. That
nucleus is significantly enlarged, sug-
gesting that it is polyploid (i.e. that it has
more than two genomes of a normal,
diploid cell). In the setting of polyploidy,
FISH probes for any region of the genome
would show more than two signals. As
nevi and melanomas, in particular spit-
zoid neoplasms that are common in
pediatric patients, often have polyploid
cells, the results of ‘‘low polysomy’’ do
not provide sufficient evidence to claim a
copy number increase specifically target-
ing the KIT locus. In general, FISH can
reliably determine the copy number
increases of only a specific genomic
region, if used in conjunction with
suitable reference probes, ideally target-
ing genomic regions with infrequent
copy number changes in the disease of
interest. We have used comparativeAbbreviations: CGH, comparative genomic hybridization; FISH, fluorescent in situ hybridization
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